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Comparison of the sensitivity of different 
sensor technologies to imbalance severity 
in low speed wind turbines 
Md Rifat Shahriar1, Pietro Borghesani2, Andy C. C. Tan3 
Abstract Imbalance is not only a direct major cause of downtime in wind tur-
bines, but also accelerates the degradation of neighbouring and downstream com-
ponents (e.g. main bearing, generator). Along with detection, the imbalance quan-
tification is also essential as some residual imbalance always exist even in a 
healthy turbine. Three different commonly used sensor technologies (vibration, 
acoustic emission and electrical measurements) are investigated in this work to 
verify their sensitivity to different imbalance grades. This study is based on data 
obtained by experimental tests performed on a small scale wind turbine drive train 
test-rig for different shaft speeds and imbalance levels. According to the analysis 
results, electrical measurements seem to be the most suitable for tracking the de-
velopment of imbalance. 
1 Introduction 
Imbalanced operation of wind turbines (WTs) is common according to pub-
lished statistical analysis [1]. Even a perfectly balanced new rotor can develop im-
balance during operation as a result of icing, moisture and water penetration, and 
blade structural damages. The traditional rotordynamic approach to imbalance de-
tection, i.e. monitoring radial/axial oscillation of the rotor using vibration sensors 
mounted on the drive train components, has been extended to WTs [2]. In addi-
tion, studies have suggested the possibility of imbalance detection using nacelle-
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mounted sensors [1, 3]. Another proposed approach utilises electrical measure-
ments of generator to detect the speed variations induced by imbalance [4, 5]. 
Electrical measurements are particularly attractive because they do not require ad-
ditional sensors to the layout already present on the generator to monitor the pow-
er generation. In the last decade, acoustic emission (AE) based condition monitor-
ing techniques have also gained popularity in WT condition monitoring [6]. 
However, their high frequency measurement bands seem unfit to detect imbalance, 
unless modulating strong high frequency carriers.  
This research experimentally investigates and benchmarks the diagnostic capa-
bilities of these three sensor technologies, in terms of sensitivity to different im-
balance grades in operation. The study will be based on a small-scale test-rig sim-
ulating the layout and operating speed range typical of large scale (mainly direct-
drive) WTs. Different degrees of mass imbalance are introduced in the system by 
means of eccentric masses installed on a disk rigidly rotating with the shaft. 
2 Imbalance detection by different sensors 
It is expected that an imbalance will affect the different measurements through 
different physical mechanisms. The primary effect is generally related to centrifu-
gal force, which in turns generates periodical radial vibrations. This phenomenon 
is however potentially compromised for incipient imbalance by the very low 
speeds characteristic of this application, which result in very low forces (quadratic 
dependency) and possibly noise-level vibrations. 
Another direct effect of static mass imbalance is introduced by gravity. The 
gravitational pull introduces a periodically variable force on the rotating rotor disc, 
resulting in an alternate torque fluctuation on the shaft. This, if not fully corrected 
by a fast control loop, causes a 1xRev speed fluctuation with the shaft decelerating 
when the imbalance mass is lifted and accelerating when lowered. This phenome-
non is also expected to increase with the magnitude of the imbalance. On the other 
hand, the effect of the nominal speed of the shaft on the magnitude of the fluctua-
tions is difficult to predict, as it results from the combination of different factors: 
the amount of time for which gravity works for and against the rotational motion 
(higher speed – shorter intervals – lower fluctuations), the amount of compensa-
tion that the control loop is able to introduce (higher speed – less compensation – 
higher fluctuations), and indirect mechanical effects such as friction. 
A series of secondary effects might be also indirectly produced by the centrifu-
gal force, which is expected to amplitude modulate non-linear phenomena such as 
friction in bearings and contact forces in couplings. 
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2.1 Vibrations 
The centrifugal force effect is traditionally detected analysing the magnitude of 
the 1st shaft vibration harmonics. In order to apply this methodology in case of 
speed fluctuations, the raw vibration signal will be first order tracked (OT) using 
the tachometer signal as a 1xRev reference [7]. The OT signal will be then Fourier 
transformed (DFT). The speed fluctuation introduced by the gravitational pull can 
also theoretically affect vibrations. In particular, for gearbox-driven WTs, a fre-
quency modulation of the gearmesh is expected. To detect this phenomenon the 
vibration signal will be order tracked using the tachometer to remove the slow 
speed fluctuations (slower than 1xRev). The resulting signal will be filtered 
around the gearmesh harmonics and frequency demodulated taking the angle of its 
analytic signal (Hilbert method). The gearmesh angular speed is then obtained by 
differentiation and its fluctuation is quantified by the 1st harmonics (1xRev) of its 
DFT. 
2.2 Acoustic Emissions 
Acoustic emission sensors are expected to capture only the secondary and indi-
rect effects of the imbalance centrifugal force modulating high frequency phe-
nomena. Therefore the analysis will be conducted by band pass filtering and am-
plitude demodulation (absolute value of analytic signal). Then order tracking will 
be performed in the detected envelope and the 1xRev harmonic will be utilized to 
quantify imbalance. 
2.3 Electrical measurements 
The magnitude of the electrical power produced by the generator is proportion-
al to the rate of change of magnetic flux linkage between the rotor and stator. 
Therefore, electrical signals obtained from the generator are affected by any dis-
turbance of the shaft speed which primarily acts as an amplitude modulation of the 
electrical signal (frequency modulation is a minor effect in case of limited speed 
fluctuations). As for vibrations, the electric measurements will be order tracked 
using the tachometer signal as a reference to highlight the Nx-pole-pair harmonics 
and its sidebands carrying the AM information. A band-pass filtering is then ap-
plied to keep the main harmonics and its first sidebands. Finally an AM demodula-
tion is applied to the filtered signal using the traditional Hilbert-based approach 
and the 1xRev peak of the modulating signal spectrum is used as an indicator for 
imbalance grades. 
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3 Description of test-rig and test procedure 
The tests have been performed on a WT drive train simulator situated at the 
Queensland University of Technology (Brisbane, Australia). This small scale test-
rig has been designed to simulate the dynamics of a WT. It consists of an electric 
motor followed by a helical bevel reduction gearbox, simulating the torque pro-
duced by the wind, which is then coupled to the main shaft using a roller chain 
coupling. A circular disk is installed on the main shaft allowing the mounting of 
imbalance masses. This is followed by main bearing with cylindrical rolling ele-
ments. The shaft is then coupled to a permanent magnet synchronous generator 
and then to a resistive load bank. The following sensors are installed on the test rig 
(Figure 1): (a) a B&K 4384 piezo-accelerometer on the bearing pedestal (0.1-
12600 Hz nominal frequency range), (b) a PAC R6𝛼 AE sensor on the bearing 
pedestal (with nominal range 35-100 kHz, but also velocity-sensitive below 35 
kHz) and (c) A National Instrument NI 9227 current transducer measuring a gen-
erator phase. The shaft speed is controlled by a variable speed drive and the speed 
is measured by (d) a 1xRev tachometer. Each of the acquired signals has a length 
of 100s with sampling frequency of 512 kHz for AE signals and 25.6 kHz for oth-
er sensors. A side view of the test-rig is provided in Figure 1. 
 
Figure 1 Instrumented WT drive train simulator at QUT 
Imbalance of different severity levels have been simulated by attaching differ-
ent masses to the rotating disk. Tests were performed at different shaft speeds to 
verify the robustness of each technique to this key parameter. Specifications of the 
test conditions are provided in Table 1.  
Table 1 Test specifications 
Imbalance type Imbalance mass 
(gram(s)) 
Shaft speed 
(rpm) 
Healthy 0 6, 10, 16, 70 
Imb1 586 6, 10, 16, 70 
Imb2 890 6, 10, 16, 70 
Imb3 1339 6, 10, 16, 70 
(d) 
(a) 
(b) 
(c) 
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4 Results and discussions 
4.1 Vibrations 
A zoom of the vibration spectra of the Healthy and Imb3 state are shown in 
Figure 2 for all the different shaft speeds. No clear peak is identifiable at the 
1xRev order, suggesting that this methodology may not be effective and reliable 
within the operating range of a WT. 
(a) 
 
 
(b) 
 
(c) 
 
(d) 
   
Figure 2 Magnitude of 1xRev acceleration: comparison between vibration spectra of 
Healthy and Imb3 (max imbalance) at (a) 6 rpm, (b) 10 rpm, (c) 16 rpm, (d) 70 rpm 
The expected imbalance modulation of the gearmesh has its major impact in 
the neighbourhood of the 333.3 Nx harmonics. This gear meshing order is a con-
sequence of the two stages gearbox ratio 10.1:1 with a first stage pinion of 33 
teeth. Figure 3 (a-b) show the spectrum of the vibration signal after order tracking 
(using the tachometer) in this frequency range. It is clear that for low speeds – 
Figure 3 (a), 6 rpm – the gearmesh itself has a lower-than-noise power, while for 
higher speeds – Figure 3 (b), 70 rpm – it is clearly visible with a rich pattern in 
case of imbalance.  
(a) 
 
(b) 
 
 (c) 
 
 
Figure 3.(a) OT spectrum for Healthy and Imb3 case at 6 rpm (b) OT spectrum for 
Healthy and Imb3 case at 70 rpm (c) Magnitude of 1xRev harmonics for different imbal-
ances and shaft speeds 
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The amplitude of the 1xRev component of the extracted speed modulation 
(Hilbert method) is reported in Figure 3 (c) for different imbalances and speeds. 
The low sensitivity for low shaft speeds is probably due to the linear dependency 
of the generator torque on speed, and the consequent low gear meshing forces. 
The high dependency of this technique on the amplitude of the gearmesh is not the 
only problem, since the 1xRev modulations of the gearmesh are often conse-
quence of other phenomena such as tooth damages. 
4.2 Acoustic Emissions 
The power spectral density (Figure 4 (a)) of the AE shows two distinct re-
sponse regions (below and above 26 kHz), somehow in agreement with the veloci-
ty- and pressure-sensitivity of the sensor [8]. The analysis is therefore performed 
separately, demodulating the content in the bands 100 Hz-26 kHz and 26 kHz-
100 kHz. The results of the demodulation of the lower AE band are reported in 
Figure 4 (b-c), respectively representing rotating speeds of 6 and 70 rpm. 
(a) 
         
(b) 
 
(c) 
   
(d) 
 
(e) 
   
(f) 
 
(g) 
 
Figure 4 AE analysis: (a) Power spectral density 70 rpm - Imb3, (b) spectrum of de-
modulated band 100 Hz-26 kHz at 6 rpm, (c) spectrum of demodulated band 100 Hz-26 kHz 
at 70 rpm, (d) spectrum of demodulated band 26 kHz-100 kHz at 6 rpm, (e) spectrum of 
demodulated band 26 kHz-100 kHz at 70 rpm, (f) 1xRev modulation peak amplitude (100 
Hz-26 kHz), and (g) 1xRev modulation peak amplitude (26 kHz-100 kHz) 
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The measurements seem sensitive to imbalance at both speeds. Figure 4 (d-e) 
shows the results of the demodulation of the higher AE frequency band for the 
same rotating speeds. In this case, for high shaft speed the result seems incon-
sistent. These results, together with the other speeds and imbalance levels are 
summarised in Figure 4 (f-g). The low AE frequency band has a similar perfor-
mance to the vibration signal of Figure 3 (c), as the sensor is actually working in 
its “vibration” range, while in the “real” AE high frequency range the demodula-
tion is effective  only for very low shaft speeds. The reasons for this behaviour are 
still to be investigated, but the high dependency of these performances on shaft 
speed does not allow validating AE as reliable imbalance quantification sensors. 
4.3 Electrical measurements 
Figure 5 (a-b) show the order tracked (angular domain) current signals for 
Healthy and Imb2 cases. In the same diagrams the envelope is also reported in red, 
and it is expected to be proportional to the speed variation (proportionality factor 
related to magnetic flux). Figure 5 (c-d) show the spectrum of the corresponding 
envelopes with clear 1xRev peaks. Figure 5 (e) finally summarises the dependency 
of the 1xRev envelope spectrum amplitude on imbalance. It is evident that the 
1xRev magnitude is fairly linear with imbalance for all shaft speeds. This linearity 
is theoretically justified by the linear dependence of the gravitational pull on im-
balance. The sensitivity to imbalance is kept for all speeds, making current meas-
urements the most reliable of the measurements seen so far. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
 (e) 
 
Figure 5 Current signal analysis: (a) Envelope of order tracked current signal for 
Healthy case at 16 rpm (b) Envelope of order tracked current signal for Imb2 case at 16 
rpm, (c) 1xRev harmonics of the envelope for Healthy case at 16 rpm, (d) (c) 1xRev har-
monics of the envelope for Imb2 case at 16 rpm, (e) Magnitude of 1xRev harmonics for dif-
ferent levels of imbalance at different shaft speeds 
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5 Conclusions 
In this work, three commonly existing sensor technologies have been investi-
gated for their capability of imbalance detection. The results showed that electrical 
signals are the most reliable in the detection and future projection of imbalance 
levels with monotonic and almost-linear amplitude vs. imbalance curves, highly 
sensitive to fault at within the entire range of WT speeds. Vibration measurements 
show sensitivity to imbalance at high rotating speeds, but a precise measurement 
and quantification of imbalance at the low speed characteristic of WTs is hindered 
by both the magnitude of centrifugal excitations and the response of the accel-
erometer. AE measurements were found, as expected, the least sensitive to imbal-
ance, showing scarce detection capabilities and inconstant trends. This advantage 
is coupled with the superior cost-effectiveness of electric measurement-based im-
balance detection, which exploits a measurement setup already installed for con-
trol purposes (in comparison with vibration and AE additional sensors which 
would need to be installed for diagnostic purposes only in proximity of the input 
bearing). In conclusion, electrical signal appears to be the most reliable and cost-
efficient solution for detection, quantification and trending of rotor imbalance in 
large scale WTs. Further investigations need to be done for the exact quantifica-
tion of imbalance using current signal and to identify the influence of control sys-
tems. 
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